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ABSTRACT 
Tornadoes are a destructive form of the extreme weather associated with thunderstorms. Canada gets more 
tornadoes than any other country with the exception of the US. This paper presents some results of a study on 
tornado mitigation in the Canadian Prairie region. Initially, a regression-based analysis of the Prairie tornado 
database was conducted, and the trend for the number of tornadoes reported in each year is discussed in this 
paper. The detection, warning, communication, and evacuation stages at the pretouchdown phase of a tornado 
were analyzed and compared with the US system to recognize the key areas that need to be improved. The 
factors influencing the evacuation decisions of households and drivers are also discussed based on a stated 
preference survey. False warning and missed event data in the Prairies were also analyzed, and suggestions to 
improve the warning performance are provided. Based on the overall study, this paper makes recommendations 
to assist stakeholders in improving the existing system to detect, warn, and communicate tornado warnings to 
the public as well as improving their evacuation responses. 
1. INTRODUCTION 
Canada is prone to a wide range of natural disasters. 
These disasters fall into two main categories: 
geophysical disasters, such as avalanches, 
earthquakes, and landslides; and 
hydrometeorological disasters, such as hurricanes, 
floods, hailstorms, and tornadoes. Frequent 
occurrence and the high intensity of natural disasters 
can impose irreversible negative effects on people. 
Taking mitigation actions well in advance can avoid 
or significantly reduce the impacts of disasters. 
Moreover, early recognition of disasters and proper 
communication of warnings in the predisaster phase 
help the public to be ready and to respond 
appropriately and effectively. In this regard, 
“anticipation of natural hazards through warnings, 
forecasts, and scenarios” is an important aspect of 
disaster management (McBean, 2005). 
Tornado hazards are a destructive form of extreme 
weather phenomena associated with severe 
thunderstorms. Indication of a tornado hazard, such 
as appearance of a funnel cloud, has a high potential 
to lead to a disaster when it touches down causing 
injury, death, or property damage to the vulnerable 
population along the path of destruction.  
The geographical location of North America creates 
favourable conditions for the development of 
tornadoes. Cold dry air from the Rocky Mountains 
meets the warm, moist air from the Gulf of Mexico, 
creating atmospheric instabilities that induce severe 
thunderstorms and tornadoes. North America has 
the most tornado-prone region in the world called 
“Tornado Alley.” Canada’s tornado-prone regions can 
be recognized as Northernward extensions of 
tornado alley. The historical records of tornadoes in 
Canada show two main clusters of tornado-prone 
regions: the central part of Canada, including 
Southern Ontario and Quebec; and the Canadian 
Prairie region, including the provinces of Alberta, 
Saskatchewan, and Manitoba. According to 
Environment Canada (EC), the authority responsible 
for tornado detection and warning, each year on 
average, about 43 tornadoes occur across the 
Prairies and about 17 occur across Ontario and 
Quebec (EC, 2013a). This regional pattern results 
from a combination of climatology and the population 
distribution pattern since a tornado is more likely to 
be spotted when there is a higher population within a 
given area (Etkin, 1995).  
The Canadian Prairie Region is one of the most 
active regions for severe summer thunderstorms. 
Meteorological conditions which produce severe 
thunderstorms can arise in any part of the Canadian 
Prairies (Paul, 1982). Four aspects of thunderstorms 
which are potentially hazardous are hail, heavy rain, 
lightning, and strong winds (with occasional 
tornadoes). Summer rainfall in the Prairie Provinces 
brings severe weather conditions that expose the 
region to natural hazards. Tornadoes are the most 
vigorous winds associated with thunderstorms. 
Higher frequencies of tornado occurrences can be 
observed in June, July, and August—months that 
have significant amounts of summer rainfall 
associated with severe thunderstorms. The winter 
season has the lowest probability of tornado 
occurrence.  
The proactive phase of a disaster involves both 
hazard mitigation and emergency preparedness 
activities that are also generally perceived as 
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mitigation. Although the hazard potential cannot be 
reduced, actions can be taken to mitigate the overall 
impact by reducing the vulnerability and increasing 
the capacity to cope with tornado disasters. 
Calgary is a city in Southern Alberta, bordering the 
foothills of the Rocky mountain range. The Calgary 
Emergency Management Agency (CEMA), the local 
level partner in emergency management, has been 
concerned about the hazard potential of tornadoes 
and is looking into mitigation measures. How local 
residents and emergency managers in Calgary 
receive tornado warnings and how they should react 
to them are major issues being considered. This 
paper briefly introduces the key issues associated 
with the present tornado detection, warning, and 
communication (TDWC) system and focuses on how 
to develop a more efficient system to mitigate the 
impact tornadoes. 
2. TORNADO PROPERTIES 
According to the Glossary of Meteorology, a tornado 
can be defined as “a violently rotating column of air, 
in contact with the surface, pendant from a 
cumuliform cloud, and often (but not always) visible 
as a funnel cloud.” (American Meteorological 
Society, 2013). When a funnel cloud made up of 
water droplets descends from the parent 
thunderstorm ultimately reaching the ground with a 
dangerous suction force and winds that can lift up 
objects to the air, it is called a “tornado.” 
Tornadoes are complex events that have small scale 
trigger mechanisms for formation (Murphy, Falkiner, 
McBean, Dolan, & Kovacs, 2005). Meteorological 
ingredients such as variations in moisture, wind, and 
temperature that lead to tornadic storms are 
generally similar to conditions required for the 
formation of severe storms. There is still no accepted 
methodology for precisely predicting tornadoes 
(Stensrud et al., 2009). However, Doppler radars 
provide information on wind speeds that can be used 
to detect rotations in order to infer tornado activities 
and their approximate locations so that warnings can 
be issued. There is a possibility for a tornado when a 
continuously rotating updraft of air within a storm, 
called a “supercell,” is developed. 
Issuing timely and rapid watches and warnings are 
very important to warn the public about the threat in 
advance. Tornado warnings are issued when it is 
likely that a tornado would develop soon in the area, 
when a tornado is occurring in a nearby area and 
may soon move into the area, or when a tornado is 
already occurring in the area. In many cases, 
watches and warnings are preceded by bulletins 
issued for severe weather watches and warnings. 
Sometimes, the sudden appearance of a tornado or 
report of a tornado leads to bypass the watch stage 
and issue a warning. 
The warning lead time of a tornado is very small 
compared to other disaster warnings: sometimes, it 
is even zero or negative (Brotzge & Erickson, 2009). 
In Canada, a warning can be issued with a lead time 
of around ten minutes if the tornado is within the 
coverage of a Doppler radar installation 
(Meteorological Service of Canada, 2003). Outside 
of the Doppler radar coverage area, warnings are 
issued based on eyewitness reports of funnel clouds 
or tornadoes in the area. The warning lead time is 
very small—even a delay of a minute in the 
information flow can bring severe impacts. It is also 
very difficult to precisely predict a tornado’s 
touchdown point, its path, and the size of the 
forecasted region (McBean, 2005). Even a single 
tornado can have multiple touchdowns. Due to these 
reasons, warnings are generally issued for a large 
area, although the impacts are localized.  
Tornado damage is highly localized and the damage 
area is small compared to other major disasters. 
However, damage per unit area on the path of a 
powerful tornado is not inferior to any other disaster. 
The upward force created by rotating updrafts is the 
major force that lifts objects and structural elements 
to air. Careful examination of the damage path 
reveals how the damage occurred and gives an 
insight into the wind speeds associated with such 
damage so that an Enhanced Fujita Scale can be 
assigned for the tornado (EC, 2013b). Ground 
observations, aerial photographs, and satellite 
images are the major methods used in damage 
estimation (Yuan, Dickens-Micozzi, & Magsig, 2002). 
3. HISTORICAL CANADIAN PRAIRIE DATABASE 
Extreme weather events are often the most 
important aspect of a climate system that is closely 
associated with man and the environment (Timbal 
Kounkou, & Mills, 2010). In Canada, approximately 
80% of disasters are due to extreme weather events 
such as tornadoes, hurricanes, hail storms, etc 
(Hwacha, 2005). There is a growing concern about 
the frequent occurrence of convective phenomena, 
such as tornadoes and severe thunderstorms, in 
recent decades. 
Assessing the climatology of tornado events is 
important in various ways to help plan to mitigate the 
impacts of tornadoes. There have been a number of 
authors who studied tornadoes and contributed to 
the development of a historical tornado database in 
Canada (e.g., Lowe & McKay, 1962 as cited in Etkin 
et al., 2001; Newark, 1984). During the last three 
decades, severe weather data collected by local 
weather offices have also been used to improve the 
dataset. This study uses records of observed 
number of tornadoes obtained from the Prairie and 




Figure 1. Number of tornadoes observed  
With the idea of causality in mind, a regression 
model was constructed for the number of tornadoes 
observed versus time. A simple fit of a linear trend 
line for the dataset indicates an increasing trend of 
tornadoes over time. The t-test statistics for this 
regression show that the upward trend is statistically 
significant at the 95% confidence level. 
The upward trend is not necessarily supportive of the 
notion that there is an increase in the number of 
tornadoes reported with time. The trend is not purely 
attributed to the meteorological phenomena; there 
are several factors hidden behind this trend. One 
such important factor is the population or the 
increased number of eyes to detect and report 
tornadoes. Durage (2014) has discussed these 
issues in detail. 
Further, there can be documentation uncertainties of 
the historical tornado database obtained from the 
Prairie and Arctic Storm Prediction Centre (PASPC). 
Furthermore, in the absence of clear verification 
processes, there is a possibility to have nontornadic 
events recorded as tornadoes. Due to these 
limitations, there can be minor variations of the 
authentic tornado records. However, these variations 
do not have much influence on the overall trend 
pattern. 
4. COMPARISON OF CANADIAN AND U.S. 
TDWC SYSTEMS 
The present TDWC system in the Canadian Prairies 
was compared with the well-established US system 
so that improvements can be suggested to the 
Canadian system (Durage, Wirasinghe, & 
Ruwanpura, 2013). A qualitative study was 
conducted to review and compare these two 
systems. It focused on key areas, namely, 
prediction/detection capabilities, warning provision 
and emergency preparedness, warning 
dissemination methods, and the importance of 
spotter networks.  
EC is the official source of weather warnings for 
Canada. Through the Storm Prediction Centers 
(SPC), EC monitors weather conditions and provides 
weather forecasts and severe weather warnings. 
PASPC is the authority responsible for providing 
forecast support to Canadian Prairie Provinces and 
Arctic region. 
Information for the US TDWC system was collected 
from literature sources, the NOAA web site, and 
direct communication with local weather forecasters. 
The US Storm Prediction Center (USSPC), located 
in Norman, Oklahoma, provides severe weather and 
tornado watch information to the public and the local 
Weather Forecast Offices (WFO).  
The comparative analysis can be summarized as 
follows.  
4.1. Prediction/Detection Capabilities 
One noticeable factor in the US system is that there 
are a number of weather forecasters at the USSPC 
who look at the weather situation at different stages 
of severe weather development. Local WFOs also 
continuously check local severe weather conditions. 
They all have access to Doppler radars that have a 
good coverage of the area. Based on the status of 
the severe weather development, a number of 
bulletins are issued to the public indicating the 
potential for tornadoes. Due to this reason, the 
issuance of a tornado warning does not become an 
unexpected event during a severe weather outbreak. 
In Canada, Doppler radar density and the number of 
forecasters are not sufficient to recognize localized 
and short-lived tornado events within a single storm. 
Canada mainly relies on detection-based tornado 
warnings, which give a very brief window of 
opportunity for evacuation. For example, there are a 
lot of tornado warnings issued based on local 
observations and related analyses (Cao & Cai, 
2008).  
4.2. Warning Provision and Emergency 
Preparedness 
The US has a decentralized approach for tornado 
warnings which are issued by the local WFOs. In 
Canada, only the SPCs are responsible for issuing 
official tornado warnings. Even if a tornado is sited in 
a locality, it should be reported to the SPC to issue a 
tornado warning. However, in Alberta, with the 
establishment of the Alberta Emergency Alert (AEA) 
system, authorized users, including the local 
emergency managers, can issue critical alerts to 
warn the public about tornadoes.  
In the US, local emergency managers are also active 


































communications among the SPC, WFO, and local 
emergency management agency during a severe 
weather outbreak. However, in Canada, SPCs as 
warning providers do not have direct communication 
with the local emergency managers. Due to this 
reason, there can be delays in receiving alerts and 
launching emergency preparedness activities at the 
local level.  
4.3. Warning Dissemination Methods 
Having a number of reliable warning dissemination 
methods ensures that the warning message is 
received by the maximum number of people among 
the target population. Both US and Canada use 
broadcasting media, the Internet, and social media 
to issue tornado warnings to the public.  
Weather radio is an automated warning system to 
disseminate warnings. This application is especially 
useful when the public are not using many of the 
warning dissemination methods, such as radio, 
television, mobile phones, or the Internet, especially 
during the night. Although weather radio is a 
common application used in the US, it is not a 
popular warning dissemination method in Canada. It 
is important to promote the weather radio application 
to disseminate warnings to the public efficiently and 
effectively.  
4.4. Spotters’ Role 
Ground verification of severe weather and tornado 
potential by spotters improves forecaster confidence 
and adds more detail and credibility to warning 
messages. Sometimes these field reports are used 
to supplement warnings already in effect (McCarthy, 
2002). Spotter confirmation also reduces the 
probability of false tornado warnings. In the US, 
there are strong spotter groups to provide local 
information to the forecasters. However, in Canada, 
even if there are some spotters, there is not a large-
scale network of spotters to act during a severe 
weather situation. Moreover, SPC and spotter 
interaction during a severe weather situation is on a 
voluntary basis and receiving local level information 
is not always reliable. Therefore, the efficiency in 
providing timely information at the pretouchdown 
phase so that a warning can be issued is lower 
compared to the spotter network in the US. 
Having recognized the deficiencies in the Canadian 
system, a set of recommendations are suggested, as 
will be discussed in Section 7. 
5. EVACUATION BEHAVIOUR ANALYSIS: 
STATED PREFERENCE SURVEY  
It is to be noted that Calgary has not experienced a 
high intensity (F2 or greater) tornado event in its 
recorded history. However, there have been records 
of several low intensity (F0 and F1) tornadoes and 
funnel cloud appearances associated with severe 
thunderstorms in the summer months (McCarthy, 
2011).  
A Stated Preference Survey was conducted to 
analyze the tornado knowledge and evacuation 
behaviour of Calgary households and drivers during 
a tornado emergency. Nearly 500 Calgarians took 
part of the online survey. The behavioral responses 
that emerged from the survey provide important 
factors to be considered in mitigating the impact of 
tornadoes at the individual level as well as the 
community level.  
The results of the stated preference survey 
conducted in the City of Calgary represent the 
intended behaviour of the public during a tornado 
emergency. In the absence of real data, this survey 
method is a better way to obtain behavioral 
responses from the public. Even if these results may 
not precisely depict the actual behaviour, their 
inferences can effectively be utilized in planning 
efforts to mitigate the impact of future tornadoes. 
The results of the survey given in Durage, Kattan, 
Wirasinghe, & Ruwanpura (2014) can be 
summarized as follows.  
5.1. Tornado Knowledge and Preparedness:  
It is important to note that, given the low frequency of 
tornado occurrence, there have not been many 
awareness programs in Calgary to improve the 
public’s knowledge. Despite these limitations, most 
respondents correctly knew the tornado season, the 
time of day tornado occurs, the official source of 
warning, and the best sheltering during a tornado.  
The majority of respondents knew how to take safe 
cover during a tornado (61.8%). Nearly 80% of 
respondents were able to concentrate on the 
warning instructions given. These results show that 
people are familiar with tornado disasters and know 
how to prepare for them. However, when it comes to 
the community level, the majority of the respondents 
(61%) believed that their residential community’s 
preparedness for a tornado disaster is not adequate. 
For example, evacuation of people from a large 
outdoor activity area, such as the Calgary Stampede 
Grounds and the McMahon Stadium, within a very 
short time can create many problems and the 
resulting panic may cause injuries with or without 
any tornado strike. In this regard, it is imperative for 
emergency managers to improve awareness and 
preparedness at the community level through 
training and applied learning activities.  
5.2. Pre-Evacuation Actions 
In both household and driving scenarios, a 
significantly high percentage of respondents, with a 
rating average of 3.5 out of 5, stated that they would 
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drive to pick up children from schools before taking a 
safe evacuation action. Given the limited lead time 
associated with tornadoes, going out of the home or 
driving to pick up children under a tornado warning 
situation can be a life-threatening risk and action. 
Schools are expected to have the fastest, most 
accurate, and reliable means of receiving critical 
weather information and have action plans to 
safeguard children against tornadoes. 
5.3. Evacuation Actions 
Taking proper evacuation actions is key to minimize 
injuries and fatalities from a tornado. Survey 
respondents were given a set of evacuation actions 
and asked to rank them from the most likely action to 
the least likely action. For household evacuation, 
people correctly knew that going to a safe area in the 
basement is the safest action that has the highest 
ranking average, followed by lie down in a bathtub 
and going to a safe building within the 
neighbourhood. 
An alarming response was presented in the driving 
scenario, which indicated that driving away from the 
direction of the tornado would be the most likely 
evacuation action with 58% of respondents intending 
to drive away from the direction of the tornado. 
Given the uncertain nature of the tornado strength, 
direction, and visibility, the safety level of the driving-
away option is quite uncertain. The safest decision in 
a tornado emergency would be to stop driving and 
seek shelter in the lowest level of the nearest 
building. In the absence of a building in the nearby 
area, people can seek roadside shelters, such as 
bridges and highway overpasses. 
Considering the response behaviour of households 
and drivers, a set of recommendations can be made 
as will be discussed in Section 7.  
6. IMPACT OF FALSE WARNINGS AND MISSED 
EVENTS 
“Warnings are the culmination of a sequence of 
actions...that act to alert the public to a heightened 
probability of high-impact weather, minutes, hours, or 
even days in advance” (Stensrud et al., 2009). 
Dealing with uncertainties associated with the 
sequence of actions in detecting and verifying a 
tornado has a huge impact on decision making for 
warning issuance, and it is inevitable to lead to wrong 
decisions in some situations.  
Warning decision making is quite challenging for 
forecasters especially due to the negative 
consequences associated with wrong decisions such 
as false warnings and missed events. The underlying 
factors for false warnings and missed events must be 
better understood before forecasting operations can 
be more clearly focused to improve the warning 
performance.  
A false warning can be considered to be a situation 
when the public is warned by an authorized service 
about a tornado and one actually does not occur in 
the defined area. Forecasters are aware that the 
potential consequences of being wrong about a 
tornado when there is none (false warning) are much 
lower than being wrong about a tornado when there is 
one (missed event). This notion influences forecasters 
to issue warnings even when they are uncertain about 
an actual tornado occurrence.  
False warnings create problems related to the 
credibility of and future response to warnings. High 
probabilities of false warnings also can lead officials to 
refrain from issuing warnings or to delay warnings. 
Repeated occurrence of false warnings can lessen 
public confidence about the warning system and the 
immediate response to future warnings. Specially, it 
can reduce the public’s compliance with future 
tornado warnings possibly causing “cry-wolf” 
syndrome. 
A missed event is a situation where a tornado 
touchdown occurs without an advance warning being 
issued for the area of touchdown. The nonissuance of 
a warning can be due to several reasons, such as 
lack of information available for a forecaster to issue a 
warning, inability or wrong judgment in recognizing 
intense rotations that could lead to a tornado, or the 
absence of local information support to verify a threat. 
In addition, there are situations where tornado 
touchdowns are reported just outside the warning 
areas and hence recorded as missed events.  
Experiencing a high proportion of missed events is a 
critical issue to be considered. A missed event can 
lead to a catastrophe when a powerful tornado occurs 
in a highly-populated area. The intangible costs of a 
missed event can be higher due to more deaths and 
injuries being caused than from an event about which 
a warning has been issued. This indicates the 
importance of minimizing the missed event probability. 
The forecaster has to make an effort to keep the 
number of missed events, especially of high intensity 
tornadoes (e.g. ≥ F3) extremely low and ideally zero.  
7. RECOMMENDATIONS FOR IMPROVEMENTS 
Based on the overall research work, 
recommendations to assist stakeholders in improving 
the existing system to detect, warn, and communicate 
tornado warnings to the public as well as 
improvements for evacuation responses can be made 
(Durage, 2014). These recommendations are offered 
as guidelines for consideration and possible adoption 
by stakeholders who are involved at different stages 
of the tornado detection, warning, communication, 
and evacuation process. The crucial factors that need 
to be considered by each partner can be summarized 
as shown in Table 1.  
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Table 1. Recommendations for stakeholders 
Partner Recommendations 
SPC Check the sufficiency and efficiency of the 
technological and human capacity to detect 
tornadoes and take remedial measures  
Implementation of a group of spotters to get 
ground-truth information  
Develop interactions with the local emergency 
managers  
Promote the use of weatheradio application as 
the primary warning source  
Improve the forecasters’ decision-making 
process to issue a warning  
CEMA Conduct annual information sessions and drills 
to improve the awareness and preparedness at 
the individual level, institution level and the 
community level  
Develop interactions with the SPC, spotters and 
the public to get tornado information and 
activate the AEA  
Promote various communication media including 
the internet, social media and smart phone 
applications that can reach a diverse population 
with different preferences  
Schools Practice evacuation drills in the springs season  
Improve the awareness of parents regarding 
school evacuation measures  
Media Educate the public by facilitating discussions 
about tornado preparedness and response in 
the spring and summer seasons 
Public Improve the awareness about weather alerts, 
warnings and evacuation actions  
Develop a family preparedness plan in 
responding to a tornado  
 
Implementing the recommendations requires a 
strong commitment and actions from each 
stakeholder organization and the public. It is also 
essential that organizations consider interactions 
with other stakeholders and the public in translating 
these recommendations into actions. 
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